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Different concentrations of the  same salt brought in  contact  with 
living tissue commonly show a  P.D. which is known as the  concentra- 
tion effect.  Since it can exist only when the surface is permeable to 
ions  I it is obviously important for the study of permeability provided 
we can distinguish between effects due to the living protoplasm and 
those due to cell walls or other non-living structures.  This viewpoint 
occasioned the present investigation.  It early became apparent that 
in order to interpret .the results a picture of conditions in the cell must 
be worked out which has necessitated additional  experimentation. 
Quantitative studies  of concentration effects  were first made by MacDonald, ~ 
experimenting  on nerves but without distinguishing  carefully between living  and 
dead cells.  The theoretical implications of such measurements were first pointed 
out by Loeb and Beutner.  3  They investigated plant organs with a cuticularized 
cell wall which may have been largely responsible for the  observed effects;  4 their 
experiments  on muscle, 5 like those of Matsuo  e on frog liver, gave very little con- 
* The authors desire  to express their gratitude to the Carnegie  Institution of 
Washington, D. C., which generously provided for the beginning of these investiga- 
tions (1922-25). 
10sterhout, W. J. V., J. Gen. Physiol., 1927-28, xi, 83. 
2 MacDonald, J. S., Proc. Roy. Soc. London, 1900, lxvii, 310; Thompson Yates 
Laboratory, Liverpool, 1902, iv, pt. 2. 
a Loeb, J., and Beutner, R., Biochera. g., 1912, xli,  1; xliv, 303;  1913, li, 300. 
Cf. Beutuer, R., Die Entstehung elektrischer Str6me in lebenden Geweben, Stutt- 
gart, 1920. 
4 Beutner  3 states  that  the same  results were  obtained after  the  tissue  was 
killed by chloroform.  See also Fujita, A., Biochem. Z., 1925, clviii, 11. 
6 The results of Loeb and Beutner on the finger nail and the skin are probably 
due in large part to nondiving elements. 
6 Matsuo, T., Arch. ges. Physiol., 1923, cc, 132. 
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centration effect.  Recent experiments by Jost  7 have dealt with the  concentra- 
tion effect in Nitella without separating the effect due to the protoplasm from that 
of the cell wall: but in the experiments of Brooks  s the effect of the cell wall seems 
to have been avoided. 
Our experiments on Nitella have been carried on at various  times  from 1922 
onward.  The range of concentrations studied was as a rule from 0.001 M to 0.1 x(. 
Above this plasmolysis and injury are apt to occur and in very dilute  solutions 
there is danger of contamination.  The experiments were arranged as in  Fig. 1. 
The temperature averaged about 23°C.  Details of technique are given in previ- 
ous papers? 
In all cases the results were  recorded photographically and the measurements 
were made from these records. 
FIG.  1.  Diagram  to  show  the  arrangement  of 
~f.~t~...  ~  the experiments.  Flowing  junctions or wads  of 
(-  Skn~le  cell ~ rot,ha  )  cotton soaked in solutions are applied at A  and C 
~ ~n~h~  •  or the ends are allowed to dip into cups containing 
solutions.  Cotton soaked in distilled water is in  FIG. 1. 
some cases applied for a  short stretch between A 
and C but a space is left on each side of the cotton to prevent short-circuiting. 
It was first necessary to ascertain whether the observed concentra- 
tion effect is entirely due to the protoplasm or whether the cell wall also 
plays a  part. 
In order to study the cell wall dead ceils were emptied of sap by cutting off one 
end and squeezing out their contents.  They were  then allowed to flU with tap 
water,  and  again  squeezed out  and  allowed to  fall with  tap water.  This  was 
repeated several times.  Their contents were then squeezed out and  they were 
then filled with air and used at once.  In this way it is believed that we may 
approximate the condition of the cell wall in the living cell where there is probably 
not much ionic exchange between the cell wall and the protoplasm. 
The ends of the dead cell walls (filled with air) were allowed to dip into solutions 
(in which calomel electrodes were immersed) in such fashion that the solutions 
did not creep into the lumen (if this occurs it may cause variations in the magni- 
tude or even in the sign of the P.D.).  On account of the high resistance the meas- 
7 Jost,  L., Sitsungsber. Heidelberger Akad.  Wissensch., Abt. B, 1927,  Abhandl. 
13, Nov. 
s Brooks,  S.  C.,  and  Gelfan, S., Protoplasma, 1928,  v, 86.  (This article was 
received after the completion of this paper.) 
90sterhout, W. J. V., and Harris, E. S., J. Gen. Physiol., (a) 1927-28, xi, 673; 
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FIG. 2.  Curves showing the concentration effect of KCI (each point is the aver- 
age of 10 to 130 determinations, the probable error of the mean being in general 
less than 10 per cent of the mean).  Curve m, concentration effect  of the proto- 
plasm alone (i.e.,  on the m basis); Curve nw, that of the cell wall and protoplasm 
combined (i.e., on the nw basis); Curve w, that of the cell wall alone.  The poten- 
tial difference across the protoplasm when in contact with 0.01 M KC1 is taken as 
zero for purposes of comparison (thus if the curve shows 60 millivolts at 0.001 ~t 
KCI it means that this is the potential difference between 0.001 ~  KC1 and 0.01 
KC1).  The actual value (called  the  AP  value) across  the protoplasm in contact 
with 0.01 ~t KC1 is -2.9 millivolts (average of 60 experiments). 
For Curve m  the values are +56.7 and -25.4; for Curve nw  +42.2 and -37.9; 
for Curve w +16.8 and -10. 764  CONCENTRATION  EFFECT  IN  NITELLA 
urements  on the dead cell wall were made with  a  Compton electrometer  (Cam- 
bridge Instrument Co.). 
Flowing contacts must be t/sed with caution (especially when the solutions are 
dilute)  on account of "streaming potential"  (a good criterion  of this is the P.D. 
observed when identical solutions are placed at the opposite ends, one flowing and 
the other not, and unless this gave approximately  zero the experiment was rejected: 
in  all cases these  results  were checked by the employment of  cups  instead  of 
flowing contacts). 
Experiments  of this  kind  on cell walls  gave the  results  shown in 
Curve w  (Fig. 2).  It is therefore evident that the cell wall can give a 
concentration effect. 1° 
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FIG. 3. Hypothetical diagram of conditions  in the cell.  The arrows show the 
direction  in which the positive  current tends to flow and their length the relative 
magnitude  of the I'.D.  The vertical  arrows represent  the 1,.n. due to the proto- 
plasm  and the resulting I'.D. is labelled P; the broken  arrows represent  the E.~.F. 
due to the cell wall, and the resulting I'.D. labelled CW, is opposed  to P.  These 
relations  are more simply represented  in Fig. 4. 
'  In order to have some picture of the conditions possibly existing in 
the cell we may perhaps employ the diagram in Fig. 3 (without by any 
means assuming that it is correct in all  respects).  The arrows show 
the  direction  in  which  the  positive current  tends  to  flow and  their 
lengths the relative P.D.  The vertical arrow at C  represents the P.D, 
10 In Nitella the cell wall is much less cuticularized  than the epidermis of the 
plants used by Loeb and Beutner and it gives a much lower concentration effect. 
It may be added  that when cells are killed by being placed for 10 minutes in 
pure chloroform (not in an aqueous solution), removed, and placed in the apparatus 
they may give a  higher  concentration  effect  than the dead  cell wall  treated  as 
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across the protoplasm:  this is opposed by the  vertical arrow at A. 
The arrow at C is longer than that at A since the higher concentration 
is at C (this would be the case theoretically  if the cation has the greater 
tendency to enter or the greater mobility in the protoplasm) which is 
in accord with all our measurements.  9~  The resultant P.D. due to the 
protoplasm is shown by the arrow labelled P  (i.e., the current tends to 
flow from C through the protoplasm and sap to A and thence through 
the cell wall to  C).  (We neglect for the present  any short  circuit 
through the protoplasm.) 
The relations are represented more simply in Fig. 4  where the re- 
sultant resistance of the protoplasm and sap is represented by Re and 
that of the cell wall by Ro.  The P.D. in the protoplasm is represented 
by EpA and Epc. 
,$xcctm~¢~,  FIG. 4. As in Fig. 3 except that the resultant 
/~a  Ec',  resistance  of the protoplasm and sap is repre- 
~'~¢VvvvR0~-]  sented by Re  (with one horizontal and  two 
..1..2.  vertical components) and that of the cell wall 
by Ro  (having only a ho zontal  component) 
~/vvcc~Rl~wqvvv~  The P.D. of the protoplasm is represented by 
El,  n and Eec, that of the cellwaU  by EA andEc. 
Fro. 4. 
The relations in the cell wall may be inferred from  the fact that 
when a strip of dead cell wall is used we find a positive current flowing 
through the electrometer from the dilute to the concentrated solution 
(which should be the case theoretically if the cation has a  greater 
tendency to enter or a  greater mobility than the anion).  The P.D. 
is represented by arrows parallel to the surface (broken arrows)  be- 
cause the applied solution quickly penetrates through the wall (in a 
few seconds  n)  and then begins to diffuse along the wall, setting up the 
P.D.  shown  by  the  broken  arrows  in  the  figure: the  resultant P.D. 
due to the cell wall is labelled CW and is opposite to that labelled P. 
It is therefore evident that the concentration effect of the cell wall 
n This is shown by the fact that substituting 0.01 •  NaC1 for 0.01 ~ KCI has 
practically no effect on the dead cell so that when such a change is made on the 
living cell we must regard the effect as due entirely to the protoplasm: the chief 
electrical disturbance due to such a change lasts only a few seconds during which 
time the solution must have penetrated through the wall to the protoplasm. 766  CONCENTRATION  EFFECT  IN NITELLA 
tends  to  increase  the  values  due  to  the protoplasm.  For example, 
in Fig. 4  (where the broken arrow at C is represented by Ec and  that 
at A  by E~) we may write  12 
R o  Rp 
Obs. cone. effect =  (Epc  --  Epa) RO +  R---------p  +  (EC  --  Ea)  R 0  +  Rp 
Here E~,c -- EpA  corresponds to the arrow labelled P  in Fig. 3  and 
Ec  -- Ea  to that labelled CW.  Since Re is smalP" compared to Ro the 
effect of the  cell wall is probably small. 
In order to eliminate the action of the cell wall and to ascertain the 
concentration effect due to the living protoplasm we may apply identi- 
cal solutions to A  and C, and kill C. 13  If, for example, we lead off at 
A  and C with 0.01 M KC1 we eliminate the effect of the cell wall but 
this gives no P.D. until we kill C  (which reduces the r~.M.F, of the pro- 
toplasm  at  C  approximately  to  zero14).  We make  a  photographic 
record on which we measure the P.D. immediately after the death of C 
to find the potential difference across the protoplasm at A  (we shall 
call this the AP value). 
In order to see what this means let us consider the factors which 
determine the P.D.  We  may  assume  that  under normal  conditions 
all the E.M.F. at A  is balanced by corresponding E.~.F. at C so that if 
we lead off from A  to C with the same solution the P.D. will be zero. 
When  we change  the  salt  solution  at  A  it  seems probable that  its 
penetration is so slow that in our very brief experiments we make no 
change in the protoplasm except at the outer surface of X. 
The  electromotive force at  the outer surface of X  may be called 
EAx,  the  corresponding  r..M.F, at  C  being Ecx (the ~.M.F. in the re- 
gion lying between A and C, or outside these points, may be neglected 
for  our  present  purpose).  If  the  E.M.F. at  the  outer  surface of X 
a~ It is assumed  that  the resistance  of  the electrometer is  sufficiently high  to 
preclude any error in measurement  and this is the case even when  a  grid leak is 
used to shunt the grid and filament (the resistance of the grid leak is 20 megohms). 
18 As shown in a  former paper ~  killing C usually produces no immediate effect 
at A, which can be detected by our present methods. 
14 The killing of C  apparently produces no effect on the cell wall.  There is, of 
course, some current flowing in the cell wall but the experiments of Dr. Blinks in- 
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in contact with 0.01 M KCI be  called E`ix o.ol ~:Cl and  all  other v..x,.F. 
at  A  be  designated  as  EAz  the  total  v..x~.F, at  A  is  FAx o.ol KCl  + 
E`iz.  What we measure is probably a  certain fraction of this which 
we will call m, is so  that  the  observed P.D.  across  the  protoplasm  at 
A  is 
Observed P.D.  =  m(E`i  x O.Ol KCl +  E`iZ)  = mE,  ix o.ot KCl Jr mE`i  z 
(The E.M.F. in the cell wall at A  and C balances out since both spots are 
in contact with the same solution. 16) 
vvv~a0vvvv~  c 
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FIG. 5. 
Fro. 5. Hypothetical diagram of electrical resistances 
in  the  protoplasm when  C  is  killed.  Ro  (with  hori- 
zontal component only) represents  the resistance  of the 
cell wall and Rp`i (with one vertical and one horizontal 
component)  that of the protoplasm and sap. 
When we substitute 0.001 ~  KC1 for 0.01 ~  KC1 atA and Cwe change 
E`ix o.01 KCl to FAx o.ool KCl but  in  brief  experiments  we  may assume 
that  E`iz  will  not  change.  If we  subtract  the  observed P.D. across 
the  protoplasm  in  contact  with  0.01  M  KC1  from  that  across  the 
protoplasm in contact with 0.001 M KC1 we have 
Observed concentration effect =  mF..~X  o.oot KCI -- mE`iX o.ol KCI 
The  value  of m  depends  on  the  resistance  of  the  cell  wall  (Ro) 
between A  and C and the resultant resistance (Rp`i) of the protoplasm 
and sap in the circuit after C is killed.  If we represent the resistances 
as shown in Fig. 5 we are measuring the P.D. across Ro  and the value 
15 This has been discussed in a previous paper 9~ (where n was used in place of m). 
t6 This would not be true if we did not employ a flowing contact at C for sap 
would come out through the dead protoplasm  and change the concentration  in the 
wall, unless the applied solution were sap or 0.05 ~ KC1 or its equivalent.  But the 
flowing contact appears to prevent any disturbance due to the coming  out of sap 
as is shown in a former paper.9a  Care must be taken to avoid any disturbances 
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of m  will  therefore  be m  =  Ro  +  (Ro  +  ReA).  Measurements 17 
made by Dr. Blinks indicate that when C is killed and the solution at 
A  is  0.001  ~  KC1  (or  a  higher  concentration),  with  the  cell  wall 
between A  and  C  imbibed  with  tap  water,  the  values  of  Ro  and 
RpA are such that m is between 0.8 and 1.0. 
In order to get some idea of the change in resistance due to killing 
C we apply 0.01 M NaC1 to A  and 0.01 ~  KC1 to C  (without killing A 
f.  -, 
~Nvvvv  R~aANVvx 
FIG. 6.  As in Fig. 5 but with both ends intact (Rp in 
place of RpA). 
Fla. 6. 
or C).  Since  Ecx:.o.ot Kcr.  =  Eaxo.ot KCL the  observed  effect  (which 
will be  called  the  chemical  effect) may be regarded as 
Obs. chem. effect =  nEAx  O.Ol NaCl  -- nEcx  o.ol KC1  ----  nEAX  0.0! NaC1 -- nEAx  o.01 KCI 
where n  =  Ro -  (Ro +  Re) and Re represents the resultant resistance 
of the protoplasm and sap in the circuit in the intact cell as indicated 
in Fig. 6.  (The P.v. of the cell wall may be neglected since the cell 
wall alone gives no chemical effect.) 
If we now kill  C  and  ascertain  the  chemical  effect (in  the  same 
manner  as  for  the  concentration  effect,  i.e.,  by measuring  the AP 
value at A  of 0.01 ~  NaC1 and  then  that  of  0.01  ~  KC1)  we  shall 
have  two  measurements,  i.e.,  m(EAx o.ot ~acl  --  Eax 0.02 ~cl)  and 
n(EAx o.o, ~acl -- Eax o.02 ~cl).  From these measurements we find that 
the value  of m  +  n  is not far from  1 and  direct  measurements  of 
resistance made by Dr. Blinks indicate that the value of n is not much 
17 We regard Rpa  and Ro as  resistances in parallel whose  resultant resistance 
(gPA) (gO) 
is equal to  which is measured by determining the  resistance of  the 
Rpa  +  Ro 
circuit through A and C after C has been killed.  We then measure an equal length 
of cell  wall blown up with air (after the protoplasm has been squeezed out)  to 
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below that  of m.  In  other  words we compare  the  values  of m  -- 
Ro  Ro 
and n  -  and find that  the  difference between 
R o  +  Rpa  Ro  +  Rp 
Rp  (the  resistance  of the protoplasm  and  sap)  and  RpA  (the  same 
resistance after killing C)is not enough to have any great  effect on 
the values of m and n:  this is, of course, due to the very high value of 
Ro (according to the measurements of Dr. Blinks the resistance of the 
cell wall,  imbibed with  tap  water,  is  considerably over 4  megohms 
per inch). 
These results are checked by applying 0.001  M KC1 at A  and the 
same saturated  with chloroform at B  (Fig.  7):  at the same time we 
FIG. 7.  Diagram to show arrangement of experiments. 
Fro. 8. Diagram to show  arrangement of experiments. 
apply 0.01  M KC1 at B' and the same saturated with chloroform  at 
C  (Fig.  7).  We thus  measure  simultaneously  the AP value of the 
two  concentrations  and  by  subtracting  one  from  the  other  obtain 
the concentration effect.  In this case we eliminate both the cell wall 
effect and errors due to  the  use of different  cells but  even  so  there 
may  be  considerable  variation.  The  results  agree  with those pre- 
viously described. 
Still  another  method  is  to  arrange  the  experiments  as  in  Fig.  8 
and to kill C with 0.01 ~  KC1 saturated with chloroform.  We apply 
0.01  ~  KC1 at B  and 0.001  ~  KC1 at A.  Measuring  from A  to B 
gives us  the  concentration  effect of the protoplasm  on  the  n  basis 
together with the cell wall effect:  we may call this the nw basis.  We 770  CONCENTRATION  EFFECT  IN  NITELLA 
may  get  the  m  basis  by measuring  from B  to  C  and  subsequently 
replacing the 0.01 ~  KC1 at B  and C with 0.001 ~  KC1.  We are thus 
able to measure a  single cell on the m  and on the nw basis  and this 
may also  be  done for the  chemical effect  (n  basis)  to  compare  the 
values of m  and n.  Here too the results are similar to those already 
described. 
It may be added that  when the cell wall is imbibed with 0.001 
KC1 and we place 0.01 ~  KC1 at C and 0.001 ~  KC1 at A  the results 
FIo. 9. Diagram to show the electrical  leak when a  capillary is inserted into 
Valonia. 
are  practically  the  same  as  when  the  cell wall  is  imbibed  with  tap 
water. 
The  matter  may  be  approached  from  another  standpoint,  i.e., 
by  inserting  a  capillary.  It  has  been  shown  in  a  former  paper  TM 
that when a  capillary is inserted into Valonia  (Fig. 9) we may have a 
18 Osterhout, W. J. V., Damon, E. B., and Jacques, A.  G., J.  Gen.  Physiol., 
1927-28, xi, 193.  The use of the capillary in Valonia was begun by one of us in 
the summer of 1923 (for the first reference to this see Osterhout, W. J. V., J. Gen. 
Physiol., 1924-25, vii, 561).  In the summer of 1925 Taylor and Whitaker (Tay- 
lor, C. V., and Whitaker, D. M., Carnegie Institution Year Book, 1925-26, No. 
25, p. 248) introduced a microelectrode  and  recently Jost (Jost, L., Silzungsber. 
Heidelberger Akad. Wissensch., 1927, Abteilung 13, Nov.) has employed a capillary. 
The use of the capillary in Nitella was begun by us in 1922 (cf. Osterhout, W. J. 
V., and Harris, E. S., J. Gen. Physiol.,  1927-28, xi, 391).  Previous to this Miss 
Nichols (Nichols, S. P., Bull. Torrey  Bot. Club,  1925, lii, 351) introduced needles 
to observe the effect upon structure  and upon streaming.  Recently Taylor and 
Whitaker  (Taylor, C.  V.,  and Whitaker,  D.  M., Protoplasma,  1927, iii,  1)  and 
Brooks and Gelfan s have employed a microelectrode. W.  J.  V.  OSTERHOUT AND  ~E.  S.  HARRIS  771 
leak at the point of insertion but if we wait for a  seal to form this leak 
disappears and we then may get the  true value of the P.D.  across the 
protoplasm.  In the  case of Nitella  it is not necessary  to  wait  for  a 
seal  to  form  since  the  resistance  of  the  cell  wall  imbibed  with  tap 
water  is  so  high  that  the  leak  is  not  important.  Hence  we  may 
approximate the true values by measuring  as soon as the capillary is 
inserted. 
For this purpose the cell is placed on the paraffin block on the stage of a micro- 
scope and the capillary (filled with artificial sap) is held firmly in place near the end 
of the cell.  We then seize with forceps a strip of  dead cell wall adhering to the 
Fro. 10.  Diagram to show  the arrangement of the experiment when a capillary 
(.4) is inserted in the cell. 
end of the living cell (this strip is a part of the neighboring cell whose end has been 
cut away) and pull the living cell along until it impales itself on the capillary.  One 
can then observe with the microscope whether the capillary is projecting far enough 
into the vacuole to indicate that its point is not covered by a layer of protoplasm. 
An experiment was arranged as  shown in Fig.  10.  By means of a 
rotary switch  19 we recorded the circuit  from the interior of the capil- 
lary A  to  C  (Fig.  11,  Curve A,  long  dash):  from the  outside  of the 
capillary where it pierced the cell  wall,  1~,  to  C  (Curve  B,  medium 
dash)  and from D  to C  (Curve  D,  short  dash).  If  such  an  experi- 
ment  were  performed on  Valonia  (Fig.  9)  there  would  be  a  good 
deal  of difference between A  and  ~  provided we had allowed the cell 
to form an electrical seal but in  the  case  of Nitella  no  such  seal  is 
formed as the  cell is used immediately after  the  insertion of the cap- 
illary and  in  consequence  there  is  little difference between A  and B. 
19 This was  described  in  a  previous paper (Osterhout, W.  J. V., and  Harris~ 
E. S., J. Gen. Physiol.,  1927-28, xi, 391). 772  CONCENTRATION  EFFECT  IN NITELLA 
The values  observed at A  and B  (Fig.  11)  are a  measure  of  the  P.D. 
across the protoplasm  at C (AP  value)  as would  be  the  case  if  we 
killed  with  chloroform  at  /3.  (This AP value  is  negative  but  ap- 
pears positive on the  record because curves A  and B  record the inside 
of C instead of the outside.)  The fact that A  and B  differ somewhat 
might be taken  to indicate  that the point  of  the capillary  has  gone 
through the protoplasm into the  vacuole.  If it  had merely indented 
the protoplasm, making a  deep pocket, without actually piercing it we 
might expect A  and B  to be identical. 
The short  dash,  Curve  D,  records the P.D.  of D  against  C  (which 
is  about  1  millivolt negative);  the  fact  that  there is  so little  differ- 
Fro.  11.  Photographic  record  showing  potential differ- 
ences.  The experiment is  arranged  as  shown  in  Fig.  10 
with 0.05 ~t  KCI at B, D, and C.  Before the capillary is 
inserted there is only one curve (marked "No cap.").  As 
soon  as  the  capillary  is  inserted the  record shows three 
curves: Curve A  records the potential difference between 
the capillary and C;  Curve B  that between B  and  C; and 
Curve D  that between D and  C.  When  0.005  ~t  KC1  is 
substituted for 0.05 5I KC1 at C the curves rise  together. 
The vertical marks represent 5-second intervals. 
Fm. 11. 
ence  between  D  and  C  indicates  that  injury  has  not  spread  from 
the point of  entrance of  the  capillary to D  (for when D  is  dead  its 
apparent P.D. will be the same as that of the capillary). 
When 0.005 z~ KC1 is  substituted  for 0.05 M KCI at C  both curves 
rise simultaneously (since C becomes more positive which makes  both 
the capillary and/3 appear more negative)  to a degree which indicates 
that  C  is not injured.  The amount of this  rise is  the observed con- 
centration effect which is measured on the  equivalent of the m  basis 
from A  to C  and on the  ~zw basis  from D  to C.  There is  evidently 
no great difference between the two  and this might be taken to indi- 
cate that the cell wall  effect does not greatly alter the value due to the W.  J.  V.  OSTERHOUT  AND  E.  S.  HARRIS  773 
protoplasm alone.  For when we  change from 0.05  to 0.005  g  KCI 
at C  we presumably have a  cell wall  effect when we measure from 
D to C but not when we measure from A to C  or from B to C, yet the 
measurement (i.e.,  the amount of rise) is practically the same in all 
cases. 
Let us now consider certain other aspects of the experiments on 
Nitdla.  It might be thought that killing C  tends to alter the con- 
centration  effect  at  A  (as  would  be  expected  if A  were  injured). 
Hence experiments were made on intact cells having unlike concen- 
trations at A  and C  (i.e.,  on the nw  basis).  The average measure- 
ments of  130  such cells  (Fig.  2,  Curve  nw)  do  not  agree  closely 
with those made on the m  basis  (58  cells, Fig. 2, Curve m), but this 
lack of agreement seems to have no theoretical significance.  On the 
basis of Figs. 3  and 4 we might expect the values on the m basis to 
be approximately equal to those on the nw  basis minus the cell wall 
effect.  While this may be approximately true for the value of 0.01 
vs. 0.1  M KC1 it is just the reverse for the value of 0.01  vs. 0.001 
KC1.  In view of this we are not inclined to attribute much quanti- 
tative significance to any of these figures.  ~° 
Experiments in which C was killed (with 0.01  ~f KC1 plus chloro- 
form) and kept in contact with 0.01 ~t KCI while the solution in con- 
tact with A  was varied (which may be called the mw basis,  since it 
includes the effect of the cell wall)  gave  results much like those in 
Curve m, indicating that the cell wall effect does not greatly affect 
the results (i.e.,  curves on the m basis do not differ greatly from those 
on the mw basis). 
The curves in Fig. 2 are concave to the axis of the abscissae.  Some- 
what  the  same  sort  of  curve  was  found by Beutner  a in  studying 
organic  substances  immiscible  with  water,  21  although  theoretical 
considerations (to be discussed a little later) lead us to expect in  the 
ideal case the straight line labelled "theoretical" in Fig. 2. 
20 We do not know to what extent the values  are cut down by short circuits and 
eddy currents: for example, the current due to the broken arrow at C, Fig. 3, 
might travel in the cell wall only a short distance toward A before passing into 
the protoplasm. 
2x This is discussed by Michaelis, L., Hydrogen ion concentration, Baltimore, 
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In addition to the results shown in Fig. 2 there are a few anomalous 
cases which should be mentioned.  Under certain  circumstances the 
cell may produce a high P.D. (up to 120 millivolts) even with identical 
solutions at A  and C.  It is not surprising  therefore that  in  certain 
kinds of material  we find a  concentration  effect of 100 millivolts or 
more for a  tenfold dilution  (e.g., 0.001 ~  vs. 0.01 ~  KC1).  Since the 
theoretical  limit  for  a  tenfold  dilution  is  about  60  m~livolts  it  is 
natural to assume that in these anomalous cases the extra P.D. comes 
from the deeper layers,  Y or W. 
In view of such results as those of Michaelis and Fujita  2~ on gelatin 
and of Amberson and Klein  23 on dead frog skin, which show a  change 
of sign of the concentration effect with alteration of pH value, it may 
be well to state that no such change is found in living  cells of Nitella 
if in the range studied (pH 5 to 9.5) the concentration of H+ is small 
in comparison to that of other cations. 
In view of the fact that organic substances immiscible with water 
containing  organic acids show a  concentration  effect with KC1 with 
the dilute solution positive while others containing alkalies show the 
dilute solution to be negative, it may be well to state that somewhat 
similar results may be obtained by means of a string soaked in acid or 
alkali,  the  result being'easily accounted for as diffusion potential. 
Let us now consider the interpretation or our results.  If we regard 
the  P.D. as  due  primarily  to  diffusion  potential  we  shall  conclude 
that  the mobility of K + in the protoplasmic surface is greater  than 
that  of C1-.  But if it is due to phase boundary potentials we may 
R 
employ the usual formula,  putting  R'  -  and n  =  1 
0.4343  n  F 
\co~# \C,o  d 
where Cc,h and Cc,z are the concentrations of the  cations  in  X  at  the 
high  and  low concentrations  respectively and  C,  oh  and  C,o,  are  the 
corresponding  concentrations  in  the  external  solution.  The  sign  is 
that of the dilute solution. 
23 Michaelis, L., and Fujita, A., Biochem. Z., 1925, clxii, 245. 
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If C=h =  C,n we have 
P.D.  =  R'T log Cc°--'--k 
c~o~ 
In  metallic electrodes  (and in some cases in glass  electrodes  24)  this 
equation applies but it is a  question to  what extent this is true of 
protoplasm. ~4 
In order to picture the relations involved it may be convenient to 
employ the treatment of Nernst,  as  discussed in  a  former paper, 1 
where it is stated that if, for example, we apply equimolar solutions 
of RbC1 and CsC1 we may write 
R'T  Acs 
P.V. ~ ~-- log -- 
ARb 
where Ac, and ARb are the "true  ''25 partition coefficients of Cs and Rb. 
The sign is that of the solution of Rb as shown by the electrometer. 
If we use two salts without a  common ion,  e.g.,  equimolar  solutions 
of RbC1 and  CsBr, we may take first the phase boundary  potential 
at the spot in contact with RbCI:  this is  26 
R,r  Ac, 
P.D.  =  --  log 
2  ARb 
the positive sign meaning that the positive current tends to flow from 
Y  to  X  in  the  protoplasm.  27  The  corresponding  value  for  CsBr 
would be 
R'T  AB  r 
P.D.  ~  --  log -- 
2  Acs 
34 This has been discussed in a former paper.  1 
2s The true partition coefficient of Rb is the partition coefficient (in this case the 
concentration at equilibrium  in the protoplasmic layer X divided by the concen- 
tration in the external solution) it would have if it could enter unhindered by C1, 
or in other words if Rb and C1 had the same "true" partition coefficient. 
~6 For a discussion of this seO. 
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Subtracting one from the other we have 
=  7 
The sign is that of the solution of RbCI, as shown by the electrometer. 
We may calculate the concentration effect in similar  fashion.  If 
the "true" partition coefficient of the cation is A a at the low concen- 
tration and A~h at the high concentration (the corresponding symbols 
for the anion being Aal and Aah) we may for purposes  of illustration 
make the following substitutions in  the  last  equation: Aa  =  A•b, 
A~h  =  Acs, A~l  =  Acb and A,h  =  A~r.  We then have 
P.v.  =  --  log 
2  \aj 
The sign is that of the dilute solution as shown by the electrometer. 
It is evident from this equation that in order to get a  concentration 
effect there must be a  difference between the "true" partition coeffi- 
cients of either the cations or of the anions at the two concentrations. 
It may be of interest to see how variation of  "true" partition  co- 
efficients will affect the sign of the dilute solution.  If A~ and A~, as 
well as Ac +  A,, increase as the concentration increases the tendency 
of the cations to pass into X  will always be greater at the higher 
concentration so that the positive current will tend to flow from the 
lower concentration through the  electrometer to  the higher  (dilute 
solution positive)  and  at the  same time relatively more of the salt 
will  enter  at  the  higher concentration.  This  would  correspond  to 
those  cases  described  by  Wosnessensky  28  in  experiments  on  amyl 
alcohol (e.g.,  the concentration effect of LiC1) where the dilute solu- 
tion is positive:* 
2s Wosnessensky, S., Z. physlk.  Chem., 1925, cxv, 405; cxvii, 457.  Wosnessen- 
sky, S., and Astachow, K., Z. physik.  Chem., 1925, cxviii, 295; 1927, cxxviii,  362. 
Wosnessensky, S., Astachow, K., and Tschmutow, K.,  Z. physlk.  Chem., 1926, 
cxxi, 143. 
29 In comparing  two salts it must be borne in mind that if one is taken up more 
than the other it does not necessarily  mean that in the former case there are more 
ions in X since the dissociation constants in X may differ.  In our discussion we 
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But if A,  +  Aa and A, increase with concentration while  A~ de- 
creases as the concentration increases the dilute solution will still be 
positive although relatively less salt will be taken up at the higher 
concentration and this may be true even if both A, and Aa decrease 
as the concentration increases. 
If on the other hand Ac  +  A~ decreases as the concentration in- 
creases the dilute solution will be negative even though A~ increases 
as the concentration increases or though both A, and A~ increase as 
the concentration increases (in the latter case the penetration of salt 
increases as the concentration increases). 
We therefore see that on this basis the sign of the dilute solution 
depends on the behavior of Ao +  A~ and not on the relative amount of 
salt taken up. 
According to recent researches  '~° and theoretical discussions  31 little 
or no P.D. is to be expected with KC1 at phase boundaries.  On the 
other hand Michaelis and others  ~2 find fairly high values for the P.D. 
of KC1 with collodion membranes.  This might lead to the suspicion 
that the results found with Nitella are largely due to the cell wall but 
it is evident from what has been said that this is not the case.  The 
concentration effect of the protoplasm is much greater than that of 
the cell wall and this difference is much more striking in the case of 
the chemical effect.  It should be noted that collodion membranes 
give the  same  sort  of chemical effect with KC1  and NaC1  as  does 
protoplasm. 
There are difficulties in regarding the P.D. as due to Donnan effect, 
since the cell cannot very well be in Donnan equilibrium with two 
different concentrations at the same time.  We must assume that the 
indiffusible ion is positive in order to make the dilute solution positive. 
The  numerical  relations  may be  illustrated as follows: If we have 
inside an indiffusible anion R-  =  21 and outside KC1  =  10 we have 
(K+ut~iae) (Cl-ou~i&) =  100:  inside the product of K +  (=  25)  and 
30 Cf. Holleman, L. W. J., and Werre, J.  P., Rec. tray.  chlm. Pays-Bas,  1928, 
ser. 4, xlvii, 105. 
3t Cf.  Cremer, M., in Bethe, A., el a/., Handbuch der normalen und pathologi- 
schen Physiologie,  Berlin 1928, viii, 1034. 
s~Cf.  Michaelis, L., and others.  Various articles in J.  Gen.  Physiol.,  1925- 
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C1-  (--  4)  is  also  100.  If we now raise the outside concentration 
to 100 we have outside (K  +)  (C1-)  =  10,000  and inside the product 
ofK + (= 111.1) and C1- (= 90.1) is also 10,000 (R- being 21 as before). 
C~o  10 
In the former case the value of ~  is ~  and in the latter 111.1100"  We 
then employ the usual formula 
C 
t  gO  P.D.  =  RTlog-- 
C  d 
(where Coo is the concentration of cations outside and C~ the concen- 
tration  inside)  which  would  give  for  the  lower  concentration  P.D. 
----  R'T  log 25__ and for the higher concentration P.D.  =  RtT  log .111"1 
10  100 
so that the:'concentration effect would be 
,11,  
~.D.  =  R'T log  +  i~  ]  =  R'T log 2.25 
The dilute solution would be positive but the P.D. would be less than 
with a metallic electrode where the concentration effect would be RtT 
log 10 (which at 18°C. would be 58 millivolts).  Hence the assumption 
of a  Donnan equilibrium as the explanation of the P.D. may not give 
values as high as occur in dilute solutions in the case of living cells 
(whose  values  approximate  those  found  with  metallic  electrodes). 
In order to get values approaching those for metallic electrodes we 
should have to assume values for R- more than 10 times as great as 
those given above. 
It  is  evident that  as  the more dilute solution  of KC1  is positive 
with living protoplasm K + tends to enter and the value of Ac  +  A. 
must increase with the concentration or else the mobility of K  in the 
protoplasm must be greater than that of C1-. 
There is no direct proof that C1- tends to penetrate  ~ in ionic form. 
Let us now consider the bearing of our results upon electrical con- 
ditions in  the protoplasm.  Adopting the hypotheses set forth in  a 
former paper  1. 9a that the protoplasm consists of layers with different 
83 It may reach the vacuole by passing  through  the non-aqueous layers  of  the 
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properties  we might  diagram  the  electrical  conditions  as  shown  in 
Fig.  12.  The X  and  Y arrows marked A  and C under "Net result" 
at the left have had their directions determined by considerations set 
forth in a former paper;ga and this is confirmed by the fact that when 
sap is applied to the outer surface of X  (as at  the right)  the result 
shows that the X  arrow (Xc) is longer than the Y arrow (y,).9~  This 
might be regarded as indicating  that  X  gives a  greater P.D. with sap 
than  does  Y in which  case we might make the arrow at the external 
surface of X  longer than  that  at the inner surface  of  Y, as is done 
in the figure: we should  in  that  case be inclined to suppose that X 
gives a  greater r.D. against W  than does Y and  to make the arrows 
at the outer and inner  surfaces of W  of corresponding length  (as in 
the figure).  The  arrows at b, c, and  d will be of the same length at 




/~  ~  .,,  C  I 
X 
C4 
Fro. 12.  Hypothetical diagram to show the condition of the protoplasm in con- 
tact with different concentrations of KC1.  The direction of the arrows indicates 
how the positive current tends to flow and their length the relative P.D. 
brief experiments such as we perform the arrow at a is the only one to 
change, except in case of injury. 
If the electrolyte in  W  should happen  to be mostly KC1  the  fact 
that with the protoplasm in contact with 0.001 ~  KC1 the  arrow at a 
is shorter than that at b would mean that the concentration of KCI in 
W  was greater  than  0.001  M.  But if the  electromotive forces at  b 
and  c  are  chiefly due to  the  diffusion  potential,  for  example of an 
organic  substance  produced  in  the  protoplasm,  we  cannot  draw 
any conclusions regarding  the concentration  of inorganic  salts in  W. 
If we suppose that X  and Y are non-aqueous layers and  that  W is 
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,forces as shown in Fig.  12.  When we apply 0.001 ~  KC1 at  A  and 
0.1 ~  KC1 at C it is probable that under normal conditions the ~.~.F. 
at A  and C  is equal and opposite except those at the outer surface 
which are represented in the  diagram  by arrows of unequal length. 
If we regard  the  observed effects as  due  to  diffusion potentials  we 
should say that  the cations appear to have  a  greater mobility in X 
than the anions and consequently we should expect the arrows at the 
outer surface of X  to be directed inward,  as shown in Fig.  12.  The 
magnitude of the E.~.F. would increase with the concentration,  hence 
the outermost arrow should be longer at C than at A and the current 
should flow through  the electrometer from A  to  C  (as  shown by the 
horizontal arrow in Fig. 12).  This is in accord with the experimental 
results which show that  the dilute solution is positive not only with 
KCt but with many other Salts.  To judge from the literature  this is 
the usual condition  3~ (but it does not seem to be the case with Valonia). 
It follows that if we lower the concentration  of the solution at A 
we shorten the length of the arrow at a and if we could make it equal 
to that at b we should have a  -  b  =  0  and we could then learn the 
value of c -  d.  Whether we can tell when such a state is reached must 
be decided by future investigation. 
The study of the concentration  effect may be of value as throwing 
light  on  the  nature  of  protoplasm.  According  to  some  authors  a 
salt  may  give  no  concentration  effect with  certain  substances  im- 
miscible with water  ~8 but with others  3s, ~6 the dilute solution appears 
positive and with still others negative.  If this  be the case we may 
hope by such studies to gain some idea of the nature of the substance 
constituting the protoplasmic surface. 
SUMMARY. 
A method distinguishing between the concentratio~ effect due to the 
cell wall and that due to the protoplasm is described:  the importance 
34 Cf.  HSber, R., Physlkalische  Chemie der Zelle und der  Gewebe, Leipsic,  6th 
edition, 1926. 
35 Cf.  e.g.  Beutner, R., Die Entstehung  elektrlscher StrSme  in lebenden Gewe- 
ben, Stuttgart, 1920. 
• ' 3~ Cf.  Cremer, M., in Bethe, A., et al.,  Handbuch der  normalen und  pathologi- 
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of this  lies in  the  fact  that  if the protoplasm shows a concentration 
effect one or both ions of the salt must tend to enter its outer surface. 
Studies on the concentration  effect of KC1 with living protoplasm 
of Nitella show that when r.D. is plotted as ordinates and the logarithm 
of concentration  as  abscissa~  the  graph  is  not  the  straight  line  de- 
manded in the ideal case by theory but has less slope and is somewhat 
concave to the axis of the abscissze. 
With a  variety of salts the dilute solution is positive,  which indi- 
cates that the cation has a greater mobility in the protoplasm than the 
anion  or  that  the  partition  coefficient of  the  cation  (Ac) increases 
faster  than  that  of  the  anion  (A~) as  the  concentration  increases. 
If the result depended on the partition coefficients we should say that 
when Ac  +  A~ increases  with  concentration  the  dilute  solution  is 
positive.  When  A~  +  A,  decreases as the concentration  increases 
the dilute solution is negative.  In either case the increase in concen- 
tration  may be accompanied by an increase or by a decrease in the 
relative amount of salt taken up.  Theoretically therefore there need 
be no relation between the sign of the dilute solution and the relative 
amount of salt taken up with increasing concentration. 
Hypothetical diagrams  of the  electrical  conditions  in  the  cell are 
given. 
If we define the chemical effect as the r.D. observed in leading off 
at two points with equivalent concentrations of different salts we may 
say that  the chemical effect of the protoplasm is very much greater 
than that of the cell wall. 